We perform time-resolved observation of living cells with gold nanoparticles using surface-enhanced Raman scattering ͑SERS͒. The position and SERS spectra of 50-nm gold nanoparticles are simultaneously observed by slit-scanning Raman microscopy with high spatial and temporal resolution. From the SERS observation, we confirm the attachment of the particles on the cell surface and the entry into the cell with the subsequent generation of SERS signals from nearby molecules. We also confirm that the strong dependence of SERS spectra on the position of the particle during the transportation of the particle through the cell. The obtained SERS spectra and its temporal fluctuation indicate that the molecular signals observable by this technique are given only from within a limited volume in close proximity to the nanoparticles. This confirms the high spatial selectivity and resolution of SERS imaging for observation of biomolecules involved in cellular events in situ.
Introduction
Raman spectroscopy has been employed in sophisticated experiments to investigate molecular structures, and the conditions of molecules in their environments. Since Raman scattering spectra can give molecular vibrational information of scattering objects, it enables us to observe and investigate molecules in biological samples without any labeling, offering chemical information of biomolecular microenvironments in cells. 1 With the recent developments in Raman microscopy, the imaging of the distributions of biomolecules such as DNA and proteins has been demonstrated without labeling. 2, 3 The dynamic changes in molecular distributions of biomolecules during immune processes, cell death, and cell division have also been measured. [4] [5] [6] The benefits of Raman microscopy in biomolecular imaging can be further magnified by applying surface-enhanced Raman scattering 7 ͑SERS͒. Since SERS dramatically enhances Raman scattering, it can be used to increase the temporal resolution in Raman imaging modes, which is especially significant for observation of living samples where the distributions and conditions of the molecules change during various biological processes. In SERS imaging of living cells, metal nanostructures such as gold nanoparticles have been used to generate the enhancement of Raman signals. [8] [9] [10] [11] These results show that SERS with metal nanoparticles has the potential to be applied in molecular imaging of living samples with nanometer-scale resolution to provide structural and environmental information of the molecules. The strong enhancement of Raman signals by metal nanoparticles has also been applied for measuring intracellular pH ͑Ref. 12͒, monitoring neurotransmitter release, 13 cancer diagnostics, 14 and drug detection in cells. 15 The effectiveness of using metal particles for high-sensitivity detection of biomolecules has also been proved with other optical phenomena, such as harmonic generation and multiphoton excitation. 16, 17 In this paper, we report SERS observation of living cells with gold nanoparticles at high temporal and spatial resolution. To explore the feasibility of SERS imaging in live cell observation, it is important to investigate the behavior of SERS resolved both temporally and spatially since SERS agents, such as metal nanoparticles, change their positions in living cells, which strongly influences the SERS spectra to be measured. Although the effectiveness of metal nanoparticles as SERS agents is widely recognized, the temporal and spatial behavior of the resulting SERS spectra has not been investigated with metal nanoparticles in living cells. This is because conventional Raman microscopy cannot provide spatial and temporal resolution that is high enough to monitor the dynamic spectral behavior. Recently, we developed a slit scanning Raman microscope that offers diffraction-limited resolution and high temporal resolution with parallel detection of Raman scattering, which can trace the dynamics of biomolecules in living cells. 6, 18 In this research, we applied this technique to monitor the behaviors of SERS spectra in cells, which is, to our knowledge, the first demonstration of temporally resolved imaging of dynamic changes in SERS signals from metal nanoparticles in living cells with simultaneous spatial resolution sufficient to observe the movement of nanoparticles in the cell.
SERS Imaging of Living Macrophage Cells
For the SERS observation, we used macrophage cells that exhibit endocytosis, by which we can introduce the nanoparticles into living cells. We used 50-nm-diameter gold nanoparticles as SERS agents. [8] [9] [10] The macrophage cells were cultured in a glass bottom dish in a Dulbecco modified Eagle medium ͑DMEM͒ solution, and the culturing medium was replaced by a HEPES-buffered Tyrode's solution composed of ͑in millimolars͒ NaCl, 150; glucose, 10; HEPES, 10; KCl, 4.0; MgCl 2 1.0; CaCl 2 , 1.0; and NaOH, 4.0. The replacement of the culturing media was done for SERS observations to avoid Raman scattering from molecules included in the culturing medium. Figure 1͑a͒ shows bright-field and Fig. 1͑b͒ shows Raman images of macrophage cells with the gold nanoparticles. Figure 1͑c͒ shows the Raman spectra obtained from different positions, as labeled in Fig. 1͑b͒ . The cells were cultured for 24 h in DMEM solution containing gold particles at a concentration of 1.3ϫ 10 10 particles/ ml. During this time, particles enter the cells through endocytosis. Both images were obtained by a slit-scanning Raman microscope ͑Nanophoton, RAMAN-11͒ equipped with a 785-nm laser as a light source, a water-immersion objective lens of 1.0 numerical aperture ͑NA͒ for sample observation, and a cooled CCD camera ͑Princeton Instruments, Pixis 400BR͒ for detection of Raman scattering signals. Figure 1͑b͒ was constructed using the distribution of relative intensities of Raman peaks at 640 cm −1 ͑C-C twisting in tyrosine͒, 1100 cm −1 ͑PO 2 − stretching in DNA or C-C stretching in lipid͒, and 1530 cm −1 ͑guanine or adenine͒ and setting them to respective red, green, and blue color channels in the image.
In Fig. 1͑b͒ , strong Raman scattering is confirmed at several spots in the cells. The intensities of the strong Raman spectra ͓A, B, C, and D in Fig. 1͑c͔͒ are orders of magnitude higher than the Raman signals emitted from the cell body ͓spectrum E in Fig. 1͑c͔͒ . Unlike typical Raman images of biological cells, 3, 6 Fig. 1͑b͒ shows that strong Raman scattering is localized at several positions due to the SERS effect from the gold nanoparticles in the cells. We also confirmed uptake of gold particles by transmission electron microscopy ͑TEM͒ observation of macrophage cells. Figures 2͑a͒ and 2͑b͒ show the TEM images of the macrophage cells that were processed for TEM observation after being incubated with gold particles for 2 and 24 h, respectively. By TEM observation, we confirmed that the gold particles were taken into the cells during the incubation time. These results also confirm the aggregation of gold nanoparticles in the cells, which has also been reported by Kneipp et al. 9 These aggregated gold nanoparticles result in a red shift of the plasmon resonance frequency, which may be responsible for the bright SERS spots shown in Fig. 1 , which are clearly visible even though the light source for SERS excitation was near-IR.
We also compared Raman spectra obtained with and without gold nanoparticles. We prepared two types of samples: macrophage cells incubated in the DMEM solution for 3 h with gold nanoparticles as well as cells incubated in the solution without gold particles. Figure 3 shows the Raman spectra obtained ͑curve a͒ with and ͑curve b͒ without gold nanoparticles. The light exposure for Fig. 3 ͓curves ͑a͒ and ͑b͔͒ are 10 mW/ m 2 for 1 s and 680 mW/ m 2 for 60 s, respec-tively. A 1.0 NA water-immersion objective lens was used for both measurements. In Fig. 3 , the number of Raman peaks observed with gold nanoparticles was notably smaller than that obtained without gold particles. This shows that the number of molecular species observed simultaneously is smaller in SERS with gold nanoparticles than that obtained simply with a laser spot. This indicates that the sample volume subject to SERS is significantly reduced and, as the result, higher spatial selectivity and resolution may be provided in SERS imaging compared to those in typical Raman imaging.
Time-Resolved SERS Observation
To confirm the entry of nanoparticles into cells, we used timelapse observation of the spatial and temporal behavior of the SERS signals from the nanoparticles during the endocytosis process of a macrophage cell. After obtaining the dark-field and Raman images as in Figs. 4͑a͒ and 4͑b͒, gold 50-nm-diameter nanoparticles were added to the cells with the resultant concentration of 1.3ϫ 10 10 particles/ ml. The particles were added to the culture dishes and SERS observations were recorded every 2.5 min. The total exposure time for each image was 2 min with 60 scanning lines. For this time-lapse observation, we used slit-scanning Raman microscopy, which enables a higher image acquisition rate than a single-focus scanning microscope to observe behavior of SERS spots with a temporal resolution of a few minutes. 6 A titanium sapphire laser operated in cw mode at a 785-nm wavelength was used as the light source. The laser light was introduced to a slit-scanning Raman microscope equipped with a water-immersion objective lens with NA of 1.0, a spectrometer ͑Bunkoh Keiki, MK-300͒, and a cooled CCD camera ͑Princeton Instruments, Pixis 400BR͒. For Figs. 4͑b͒-4͑e͒ , the images were reconstructed using distributions of total Raman intensities between Raman shifts of 600 and 1750 cm −1 and normalized to the same intensity. Before constructing images, we subtracted the background signals ͑the combined non-Raman contributions such as fluorescence͒ from the Raman spectra at each pixel by a modified polyfit fluorescence removal technique. 19 We confirmed that a SERS signal was produced within the first 2.5 min following the introduction of the gold nanopar- ticles into the solution, as evident from the strong Raman scattering spots in Fig. 4͑c͒ , which appeared only after the addition of nanoparticles. In Fig. 4͑c͒ , we can see that several gold nanoparticles attached to the cellular surface and exhibited strong SERS. The number and positions of SERS spots changes with time, which indicates that the positions of gold nanoparticles move, associated either with certain cellular activities and/or Brownian motion of the particles. About 30 min after the introduction of the particles, more particles attached on the cell surface and started to enter the inside of the cells as seen in Fig. 4͑d͒ . In Fig. 4͑e͒ , we can observe the SERS spots internalized after sufficient incubation time, and which then exhibit movement inside the cell. The number of SERS spots increased during the observation, showing that the cell takes in a larger number of particles with an increase in incubation time. In these SERS images, several spots can be seen to extend in the y direction. These elongated spots are SERS signals from out-of-focus planes. This is due to the use of slit-scanning detection system, and is not seen in typical single-point confocal optical systems. In Fig. 4͑d͒ , elongated SERS spots occur due to gold nanoparticles on or near the cellular membrane at out-of-focus positions, making the membrane areas much brighter than regions inside the cell. In the intracellular regions, SERS signals are also observable from the gold nanoparticles that have entered the cell by endocytosis.
We also confirmed SERS spectra in each frame, and selected frames are shown in Fig. 5 . Different SERS spectra were obtained at different positions and times in the cells to give local molecular information in the cells. Table 1 shows the molecular vibration and species that can be assigned from the Raman peaks in Fig. 5 . In these results, we can observe that the nanoparticles provide information of nearby molecules as SERS spectra, and we can see that the observed molecules change over time, since the molecular distributions undergo changes associated with cellular motion or endocytosis. During endocytosis, the nanoparticles can be expected to be surrounded by lipid molecules. 22 In our results, even though it is clear that the particles are internalized in the cell, we did not find a strong contribution from molecular vibrations that result from lipid molecules surrounding the nanoparticle. Similar results have also been seen in other reports of SERS measurement with gold nanoparticles introduced by endocytosis. 9, 10 The reason why the lipid vibrational modes were not observed is not yet clear. However, this result indicates that we can detect molecules in cells with SERS agents introduced by endocytosis without the influence of strong background Raman signals from the surrounding lipid molecules. In our experiments, we can not currently confirm that these spectra are generated from a single gold particle. Note, however, that the SERS signals typically appeared as peaks with a height of around 10 to 40 photons/ s above the background in most spectra, indicating that the enhancement factor for SERS did not change drastically in this observation for each particle and condition. In some spectra, we also observed much stronger SERS peaks as seen in Fig. 5͑d͒ , which may be due to aggregation effects of gold particles, as reported previously. 9
Temporal Fluctuation of SERS Spectra in Living Cells
To determine the minimum required temporal resolution for a SERS microscope, we measured the time-variation in gold nanoparticle SERS spectra from a single spot in a living macrophage cell, as shown in Fig. 6 . We measured SERS spectra every 0.63 s with an exposure time of 0.5 s. The sample was observed after incubation with gold nanoparticles for 1 day.
In the resulting spectra, Raman peaks assigned to tyrosine ͑645 cm −1 ͒ and RNA ͑phosphate, 811 cm −1 ͒ were confirmed in all spectra, however, the peaks were slightly shifted in each spectra. This phenomenon has also been reported with a human osteosarcoma cell, 10 and has been observed 23, 24 in singlemolecule detection by SERS, where it was thought to result from the fluctuation of individual molecules on the surface of the particle. While the temporal resolution in those experiments was lower than in the measurements presented in this paper, the overall agreement between the two measurements indicates that the fluctuation of the SERS signal is a physical effect at the nanoparticle level, and may be a fundamental limitation of all nanoparticle-based SERS imaging systems. It can also be assumed that in addition to the molecular level fluctuations, the motion of the particle will influence the temporal behavior of the SERS spectra. The heating effect by the laser irradiation may also cause an environmental or chemical condition change of the molecules, which also influence the SERS spectra. 25 In Fig. 6 , Raman peaks assigned to proline ͑1134 cm −1 ͒ and guanine ͑1325 cm −1 ͒, which were observed at the beginning of the measurement, disappeared after around 1 and 5 s during the measurement, respectively. Some other peaks, such as the peak at 520 cm −1 , appeared in only one spectrum. This is presumably caused by detachment of the molecules from SERS active sites on the particles due to diffusion of the molecules or the motion of the gold nanoparticles.
Discussion and Conclusions
In this paper, we have shown the observation of the temporal and spatial behavior of SERS signals from a living macrophage cell with gold nanoparticles. The SERS signal was obtained immediately after introducing gold nanoparticles into the cell dish. We confirmed that SERS spectra change drastically depending on the position and the measurement time.
These results show the feasibility of a gold nanoparticle as a SERS probe for imaging cellular components in live cell conditions. Simultaneous measurement of positions and spectra of SERS spots, as shown in this paper, can be used to realize SERS imaging of the inside of living cells. For this purpose, the temporal resolution of the observations presented here is not yet high enough to unambiguously track the motion of all the particles in our living cell samples. In addition, the SERS spectrum obtained from a single spot in a living cell with gold nanoparticles changes shape in less than 1 s, as shown in Fig.  6 . Depending on the rate of temporal change of the spectra, we must employ a spectrum detection scheme that provides a temporal resolution high enough to detect the complete behavior of SERS spectra. The limitations of the signal strength and the ambiguities in deciphering the relative contributions of noise, particle movement, binding statistics, and chemical changes to the detected signal are significant. However, the results presented here indicate that time-resolved imaging of dynamic biological processes with high spatial, temporal, and spectral resolution will be possible in the near future. Although the single point fluctuation measurements show that a further increase in temporal resolution would be desirable, some of the molecular peaks were seen to fluctuate more slowly than others. For the peaks that fluctuated more slowly in Fig. 6 ͑e.g., RNA, guanine, etc.͒, the current data acquisition rate was fast enough to resolve the time varying changes.
The simultaneous measurement of the nanoparticle position and SERS spectra also provides probe microscopy capability without requiring scanning apparatus. Cellular activities such as protoplasmic movement, protein transport, and endoor exocytosis may be used to move the particles in living cells. The molecular signatures of these biological activities at distinct locations in position and time can be reported by SERS, enabling minimally invasive nanoendoscopy for living cells. 
